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a b s t r a c t

Conservation of wide-ranging species and their mobility is a major challenge in an
increasingly fragmented world. Species are traditionally viewed as static conservation
targets and the importance of securing long-distance movement of individuals is still
underappreciated in conservation and policy. Here, we investigated large carnivore
movements in humanized landscapes of Europe. We describe the movement of 6 GPS-
tracked male brown bears, including one of the longest dispersal events recorded in this
species. We looked at the relationships of bear movement paths with country borders,
roads, built-up areas and habitat composition. The daily distance of resident individuals
was 5.5 ± 4.4 km and almost twice as long in the dispersing subadult (9.3± 6.4 km).
Maximum displacement of the disperser was 360 km (compared to 43.3 ± 13.0 km in
resident bears). The resident bears moved within less than 10 km to built-up areas, while
the dispersing bear stayed mostly at larger distances. The bears also frequently crossed
roads (0e31 per month) and state borders (0e14 per month). The dispersing bear moved
through four countries. A review of 29 cases and studies of large carnivore long-distance
movements in Europe showed that transboundary movement represented over 96% of
all cases; 9 extended over different populations and 10 over recolonization areas. Most
documented cases of long-distance dispersal (52% of 21 individual cases) ended with the
death of the animal (82% of confirmed deaths were human-caused, 46% were legal killings)
before it could reproduce. Reproduction was documented only in 2 of the individual cases.
We emphasize high conservation value of long-distance dispersers in large carnivore
populations and the need to reevaluate how they are viewed and managed. We urge to
consider wide-ranging, transboundary movements in conservation policies.
© 2019 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Movement of animals between and within populations is crucial for the persistence of populations and functioning of
ecosystems (Clobert et al., 2012). Human activity and infrastructure affect animal movement by creating barriers, altering
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and fragmenting habitats (e.g. Seidler et al., 2015; Tucker et al., 2018). Reduction in movements of mammals worldwide has
been attributed to behavioural changes and exclusion of wide-ranging species from areas with higher human impact
(Tucker et al., 2018). In humanized landscapes, long-range movement is particularly important to maintain gene
flow between isolated populations (Elliot et al., 2014; Rabinowitz and Zeller, 2010). As the world becomes increasingly
fragmented, both physically and politically (e.g. Linnell et al., 2016), there is an urgent need to improve our knowledge on
wide-range movement behaviour of animals to inform conservation policies (Caro and Sherman, 2012; Lambertucci et al.,
2014).

Large carnivores are especially vulnerable to the effects of anthropogenic landscapes on their movements (Ripple et al.,
2014), due to their low densities and large spatial requirements, including long-distance dispersal (Gittleman et al., 2001;
Santini et al., 2013). Dispersal is the movement from the site of birth to the site of potential reproduction (natal dispersal) or
between sites of reproduction (breeding dispersal; Clobert et al., 2012). For the purpose of this study, we defined “long-
distance” as a landscape- rather than as a species-specific quality, to describe a relocation much beyond the natal patch and
usually involving crossing anthropogenic borders or barriers. In Europe, where large carnivore populations are recovering and
expanding into new areas (Chapron et al., 2014), long-distance dispersal events are particularly challenging, due to high
habitat fragmentation and human density. These events are considered rare and difficult to record in elusive and wide-
ranging species (Trakhtenbrot et al., 2005), therefore, long-distance dispersal success (i.e. reproduction confirmed) in large
carnivores has been rarely evaluated (Kojola et al., 2006; Zimmermann et al., 2005).

In this study, we focus on the movement behaviour of brown bears Ursus arctos, the most abundant large carnivore in
Europe (Chapron et al., 2014). They are also the most omnivorous, relying on both animal and vegetal food resources (un-
gulates represent 10.5% [0e33%] of their diet; Bojarska and Selva, 2012; Niedziałkowska et al., 2019). Like in most large
carnivores, brown bear dispersal is male-biased: males disperse farthest as subadults, while females are highly philopatric
(Støen et al., 2006). We describe the movement of six brown bear males in central Europe, including a long-distance dispersal
event. This allows us to compare patterns of movement during dispersal and non-dispersivemovement. Dispersing bearsmay
face more difficulties than resident ones as they more often move in a novel, potentially more humanized habitat,
encountering physical and political barriers, as well as different protection regimes.

By assessing the differences in movement patterns of dispersing and resident bears at a landscape scale, regarding in-
teractions of individuals with landscape features (road and border crossings, and habitat composition), we seek to gain in-
sights into themovement ecology of this wide-ranging species in strongly human-altered landscapes. To get a broader viewof
the ecological process, we compiled information on long-distance dispersal events of large carnivores documented in Europe,
including the populations connected, displacement distance and fate of the animal. Finally, we discuss the importance of
considering long-distance dispersers, wide-ranging movements, and behavioural diversity in general, in conservation pol-
icies, and emphasize the need for transboundary cooperation and coordinated conservation efforts.
2. Methods

2.1. Study area and population

The Carpathian brown bear population is the second largest in Europe and extends over six countries. It is divided into
three population segments; the connectivity between the western and eastern segments is quite limited (Selva et al., 2011;
Straka et al., 2012). Infrastructure development is considered themain threat for the persistence of this population; the lack of
transboundary cooperation in management has also been pointed as an issue (Selva et al., 2011). The brown bear population
in the Tatra Mountains represents the core area of the western segment of the Carpathian population and it is split between
Poland and Slovakia. Most of the area is protected by two national parks.
2.2. Movement data

In 2014e2016 we tracked six male bears fitted with GPS transmitters (5 adults and 1 subadult) captured in the Tatra
Mountains. The bears were captured in box or Aldrich traps, immobilized and fitted with GPS-GSM/Iridium collars equipped
with a drop-off system (Lotek Wildcell M/MG/GPS4400, Vectronic Vertex Plus). We followed the biomedical protocols by
Arnemo et al. (2011). Tracking duration of an individual ranged from 252 to 633 days (mean 399.2 days). Majority of location
fixes (83%) were taken at 30min intervals (range: 30e240min).

To characterize movement patterns, for each recorded individual's path we calculated total distance covered, daily dis-
tances, and daily and maximum displacement. The daily figures are based on “bear days” (24-h periods starting from 12:00),
as the animals' activity drop was deepest around midday; a pattern also found in other populations (Ordiz et al., 2014). The
maximum displacement was calculated as a Euclidean distance between the two locations farthest apart. Daily displacement
was a straight line distance between two locations at the beginning and end of each “bear day”. To obtain a measure of path
straightness, we calculated a ratio of daily displacement to daily distance. As the locations spanned a large longitudinal extent,
we adjusted Central European Time locally by 4min per degree longitude. We limited the calculations to “active periods”, i.e.
we excluded winter denning (identified as continuous periods when there was either no movement or occasional, short
displacements< 1 km per day).
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2.3. Landscape data

To estimate habitat composition around the movement paths, we extracted percentages of land cover types within 500m
around each recorded bear position. We calculated the overall proportion of land cover as the mean of the proportions for
each position, weighted by the time interval between the locations in order to account for uneven time periods between
position fixes. We also calculated the distance to the nearest built-up/urban area along the paths (as a distance to the map
pixel centres). We used the ESA CCI Land Cover map (version 2), at 300m spatial resolution (Li et al., 2018; downloaded from
https://www.esa-landcover-cci.org/). The maps' original UN Land Cover Classification System (Gregorio, 2005) was simplified
to 7 categories (see Table A1 for details). We also calculated the frequency of country border and road crossings in each bear's
movement path. The latter was done using datasets fromOpenStreetMap (OpenStreetMap contributors, 2015), including road
categories from “motorways” to “tertiary roads”.

2.4. Review of long-distance movement of large carnivores in Europe

Information on long-distance movement (using an arbitrary threshold of 50 km, for discussion see Jordano (2017) or
Nathan et al. (2003)) records for large carnivores in Europe (brown bear, wolf Canis lupus, and lynx Lynx lynx;wolverine Gulo
gulo was not included, because of the species limited distribution in Europe) was extracted from scientific papers, technical
reports and websites (see Table B.1 for details on the data collected). We compiled a total of 29 records including individual
cases of long-distance movement (N¼ 21) and population studies (N¼ 8).

3. Results

3.1. Long-distance dispersal

We recorded bear movement paths ranging from 904 to 3640 km (mean 1849.2 km, Table 1). Among the six tracked
individuals, only the subadult BI4 (nicknamed “Iwo”) pursued a long-range movement with a maximum displacement of
360 km, which is approximately eight times the distance for non-dispersing bears (mean 43.3± 13.0 km, N¼ 5, see Fig. A.1).
During the first year of tracking, Iwo carried out several loops around the central area, then, in the second year, engaged in
dispersal (Fig.1, lower panel). The dispersal commenced end of April 2015 and lasted at least 10months, after which the collar
dropped as programmed and was recovered. The movement path consisted of conspicuously directional sections (>100 km
long) and occasional layovers with a movement pattern similar to that of the resident bears. A 110 km extent in the west of
Ukraine was traversed by the bear three times along similar routes (with the subsequent paths max. 15 km apart, see lower
panel of Fig. 1).

3.2. Movement patterns of dispersing vs resident males

The active period lasted from March to November, but could extend to as late as to early January (see Fig. A.1). The daily
distance in resident individuals ranged from 4.0 to 8.7 km (grand mean of bear-years 5.5± 4.4 km, see Table 1). The subadult
Iwo moved similar distances in the first year of tracking (daily mean 5.3± 3.3 km), but nearly twice as much during the
dispersal in the second year (9.3± 6.4 km). The maximum daily distance travelled was largest in Iwo (particularly during
Table 1
Basic statistics for the recorded brown bearmovement tracks: daily distances and daily displacement, mean number of country border and road crossings per
month, andmaximum displacement for the path. The figures are given per year and for thewhole tracking period (in bold). See “Methods” for details on how
the statistics were calculated.

Bear ID Year/tracking
period

N days
tracked

Daily distance (km) Daily displacement (km) Overall maximum
displacement (km)

Monthly average number of crossings

Mean± SD Max. Mean± SD Max. Country borders Roads

BA1 2013 176 5.0 (±3.2) 12.8 2.6 (±2.2) 11.0 22 0 18.8
BF3 2014 214 4.0 (±3.3) 17.1 3.0 (±2.9) 16.1 57 2.3 8.8
BE6 2014 147 3.6 (±2.4) 11.4 2.0 (±2.0) 9.7 44 1.0 3.9

2015 38 3.9 (±3.3) 13.0 2.2 (±2.8) 11.4 30 3.2 13.6
2014e2015 185 3.7 (±2.6) 13.0 2.0 (±2.2) 11.4 48 1.5 5.9

BI4 (“Iwo”) 2014 169 5.3 (±3.3) 20.4 2.6 (±3.1) 18.1 78 0.7 31.0
2015 286 9.3 (±6.4) 34.8 5.1 (±5.6) 29.7 312 4.8 21.3
2014e2015 455 7.8 (±5.8) 34.8 4.2 (±5.0) 29.7 360 3.3 24.9

BH2 2014 42 4.3 (±2.8) 11.5 2.6 (±2.2) 7.5 19 0 0
2015 164 6.3 (±3.7) 17.6 2.8 (±2.8) 14.5 46 1.5 11.5
2016 73 4.5 (±4.0) 16.0 2.3 (±2.3) 9.0 19 2.5 0
2014e2016 279 5.5 (±3.8) 17.6 2.6 (±2.6) 14.5 47 1.5 6.8

BW5 2015 199 8.4 (±4.9) 25.4 2.9 (±3.0) 14.0 41 6.7 13.3
2016 170 9.3 (±5.7) 28.5 3.3 (±2.7) 11.2 29 14.1 21.8
2015e2016 369 8.8 (±5.3) 28.5 3.1 (±2.8) 14.0 42 10.1 17.2

https://www.esa-landcover-cci.org/


Fig. 1. Upper panel: Large carnivore long-distance dispersal events documented in Europe (Table B.1). Where such information was available, a (simplified) route
is drawn, otherwise the straight lines connect starting and end locations. Numbers refer to the first column in Table B.1. The dotted line rectangle outlines the
study area shown in the lower panel. Lower panel: Recorded movement paths of the six GPS-collared male bears in the northern Carpathian region. Grey (upper
panel) and dotted lines (lower panel) denote country borders.
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dispersal) and BW5, respectively 34.8 and 28.5 km. In the other resident bears it ranged from 13 to 18 km (Table 1). The
maximum displacement in the recorded paths of the adult bears ranged from 19 to 57 km (mean 34.1± 13.0 km), while in the
dispersing individual's path it was 360.2 km (Table 1).

Examination of path straightness (Fig. A.2) showed that some resident bears moved in a fairly straight mannermuch of the
time (BF3, BE6), while others tended to move more tortuously and return close to previous sites. This pattern was most
apparent in BW5, a resident bear who moved the longest daily distances (similar to those of the dispersing Iwo), but whose
mean daily displacement was close to those of the other resident bears (see Table 1). Unlike the adult resident bears, subadult
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Iwo had a clearly bimodal pattern in path straightness, which supports the observation of the two types of movement
behaviour (e.g. Patterson et al., 2008; see Fig. A.2).

3.3. Landscape structure

The habitat around the majority of recorded bear locations consisted mostly of tree cover (76e97%), considerably less of
grasslands (1e16%) and crops (1e6%, Fig. A.3). A notable difference was in Iwo's locations in the first tracking year, where
grasslands and croplands formed 57% of the surrounding habitat, while during dispersal in the second year these habitat
types constituted only 10% of the surrounding habitat.

All fixes of resident bears were located closer than 10 km from built-up areas (the minimum distance during “bear day”
was <2 km on 24e71% of tracking days), including hibernation places. Before his dispersal phase, Iwo kept relatively close to
built-up areas (<2 km on 84% of days), also hibernating in the proximity of buildings (at 3e4 km). Then, during most of the
dispersal phase, he kept at much larger distances (>10 km on 37% of days) to built-up areas, less often staying at below 2 km
(23% of days).

3.4. Border and road crossings

The resident bears frequently crossed state borders, moving between Poland and Slovakia (except BA1). On average,
resident individuals crossed a border every two weeks (Table 1). Iwo crossed country boundaries on average once per five
weeks in the first year, and once per week in the second year (during the dispersal). During the tracking period this bear
moved through four countries (see lower panel of Fig. 1). On average, Iwo crossed roads more often before his dispersal phase
(31 crossings/month) than during dispersal (21 crossings/month), and overall more often than resident bears (max. 18.8
crossings/month in BA1). He was the only tracked individual to cross motorways, which he did three times during the
dispersal, likely using wildlife passages or passing under bridges (see Fig. A.4).

3.5. Review of long-distance movement of large carnivores in Europe

All but one of the collected studies and cases for large carnivores in Europe included transboundary movement (Table B.1).
Of these, nine movement paths extended over two (sub)populations, and ten over areas without a permanent occurrence of
the species. In general, wolves were the speciesmoving the greatest distances: displacements>500 kmwere recorded for two
individuals.

Effective dispersal (i.e. dispersal followed by successful reproduction) was confirmed only in 2 (possibly 3) of the 21 in-
dividual cases (10e14%, Table B.1), all inwolves. The death of the animal during the tracking period was documented in 52% of
the individual cases (n¼ 11); in 38% (n¼ 8) the fate of the animal was unknown, and in 10% (n¼ 2) the animal was still alive at
the end of the study period. Among the confirmed deaths of long-distance dispersers, 82% (n¼ 9) were human-caused (46%
killed legally, 18% illegally, and in 18% legality of the killing was unspecified), and 18% of the confirmed deaths (n¼ 2) were
due to natural or unknown reasons. Traffic collisions (car and train) during long-distance dispersal were documented in two
brown bears, both animals survived the accident.

The population studies did not restrict to long-distance dispersers (see Table B.1), and only two provided information on
reproduction success and fate of the tracked individuals. In Finland, reproduction was confirmed in 33% of the wolves that
dispersed (10 out of 30, both short- and long-distance dispersers) and in 45% of those with known fates for at least two years
after departure (10 out of 22; Kojola et al., 2006). Among the wolves with known fates, 27% (6 out of 22) were shot before
reproducing (Kojola et al., 2006). In the case of the lynx in the Swiss Alps, among 27 juveniles whose dispersal characteristics
were documented, 22% (n¼ 6) reproduced confirmedly, and 22% died (n¼ 6) during the study period. Of these 27 dispersers,
only 26% (n¼ 7) moved more than 50 km, of which one reproduced confirmedly and one was killed illegally (Zimmermann
et al., 2005). None of the bear population studies we collected gave information on the reproduction or fate of the dispersers.

4. Discussion

Over 12% of the world's vertebrates are known to make long-distance movements (Runge et al., 2014). Highly mobile
species occur everywhere and, even in highly human-dominated areas, such as Europe, large carnivores still perform long-
distance movements and, occasionally, can reproduce successfully. Evidence of such movements is mostly available from
intensively monitored populations, for instance, bears in Trentino, Italy. These events may be, therefore, more common than
conventionally thought. Recent advances in animal tracking technologies, genetic tools, phototrapping and stable isotope
analysis allow for increasing records of long-distance movements and improving our understanding of related processes (e.g.
Kays et al., 2015), such as the ongoing expansion of large carnivores in Europe (Chapron et al., 2014). Knowledge of long-
distance movements, particularly if nomadic or more erratic, and the identification of connectivity problems are crucial to
design effective conservation strategies for mobile species. It is, therefore, essential to publish detailed information on every
long-distance dispersal event, and we strongly encourage researchers and managers to share these data. Experience from
single events (e.g. Rosen and Bath, 2009; see also references in Table B.1) helps to understand why dispersal journeys end
successfully or not.
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Our bear movement data emphasises the potentially important role of subadult males in connecting bear subpopulations.
Iwo's dispersal shows that the western and eastern population segments in the Carpathians, genetically differentiated after a
century of isolation (Straka et al., 2012), may maintain connectivity, although not necessarily through the corridor derived
from movement models (Zi�ołkowska et al., 2016), which is the shortest route and was proposed as a target for conservation
actions (Selva et al., 2011). The presented case of bear dispersal confirms the importance of road wildlife passages in sup-
porting species movements (Fig. A.4). The dispersing bear's apparent avoidance of built-up areas underlines the need to
carefully plan housing development, also in areas where large carnivores are not present permanently, in order to support
connectivity of large carnivore populations and habitat quality (Fern�andez et al., 2012; Zi�ołkowska et al., 2016). Due to the
disperser's tendency to stay close to human settlements during his resident phase, his removal had been considered by
managers in Slovakia. However, using human settlements as refuges is a natural and adaptive behaviour in brown bears, and
does not necessarily indicate a problem animal (Elfstr€om et al., 2014). Thus, a proper strategy for management of possible
damages caused by long-distance dispersers is necessary. Moreover, management policies can jeopardize long-range
movements since vagrants and dispersing subadults are often the target of hunting or culling practices established in
large carnivoremanagement plans (e.g. 70% of the bears shot in Sloveniawere subadults�5-year-old, Jerina et al., 2003). Over
half of the long-distance dispersers die on the way, before having the opportunity to reproduce, which may have negative
consequences for restoring and maintaining population connectivity. To improve population connectivity, reducing lethal
management pressure seems a more feasible policy in Europe than to reduce the human footprint (Quevedo et al., 2019).

Out of 33 populations of large carnivores in Europe, 28 are transboundary (Blanco, 2012; Chapron et al., 2014). Twenty-
eight of the 29 records of long-distance dispersal listed in Table B.1 involved border crossing. Similarly, all except one of
the bears studied by us in the northern Carpathians regularly crossed country borders. In the case of Iwo, the frequency of
border crossings during dispersal increased almost 7-fold, compared to the pre-dispersal phase. As large carnivores move
across political borders, they are exposed to different rules and legislation, and the lack of coordinated actions on either side
of a border can undermine local conservation efforts and the efficiency of management. The bears studied by us moved
between countries with different management and conservation status for the species (Selva et al., 2011): strictly protected
(Poland, Ukraine) but with different level of law enforcement; protected, but with culling (Slovakia); and without a brown
bear population, and thus, no conservation status assessment or strategy (Hungary). Transboundary cooperation in Europe
happens mostly informally at the technical level, i.e. the experts from different countries work together in an unofficial way,
but usually there is no formal cooperation among conservation agencies or at the political level (Blanco, 2012). This unofficial
network of experts across countries was crucial during the dispersal of Iwo (e.g. to manage and inform the public about the
presence of the bear in Hungary or to recover the transmitter in Ukraine), and open communication flow was kept as the
animal was moving from one country to other. The mission impossible was to re-trap the bear to replace the collar and
continue gaining information about his dispersal. This and the other cases collected in Table B.1 illustrate the costs that socio-
political boundaries impose on conservation by fragmenting ownership, governance, and management (Dallimer and
Strange, 2015). In this sense, the recent proliferation of border fences as a response to the refugee crisis or other security
purposes is highly detrimental for conservation (Linnell et al., 2016). They do not only kill wildlife which gets entangled in
razor wires, but also pose an impassable barrier to animal movements and, hence, habitat connectivity.

The conservation of highly mobile species and the ecological processes related to their movement pose a major challenge.
Current conservation planning typically views species as static targets and mostly fails to address the spatiotemporal
dynamism of animal distributions (Bull et al., 2013; Davis and Watson, 2018; Runge et al., 2014). The importance of securing
the success of long-distance dispersal and wide-ranging movements of large carnivores (and highly mobile species, in
general) for population connectivity is still under-appreciated and remains one of the main knowledge gaps in conservation
(Driscoll et al., 2014; Trakhtenbrot et al., 2005). Preserving daily and dispersivemovements of highlymobile species over large
distances and political borders also requires international collaboration and that the scale of management will match the
scale of the conservation issue (Dallimer and Strange, 2015; Kark et al., 2015). Mobile protected areas that “move” with the
target species itself, permanently or during vulnerable periods, have been proven valuable in the conservation of marine and
migratory species (Bull et al., 2013). A similar approach could also be effective in the case of long-distance-dispersing or
vagrant individuals of large carnivores, which should be granted a special conservation status as mobile conservation targets.
Such individuals have a disproportionately high conservation value but are often killed, both legally and illegally. Almost half
of the deaths of long-distance dispersers in Europe were legal (Table B.1). Special protection of those individuals during
hazardous dispersal journeys could support their survival and improve dispersal success, currently regarded as extremely
low. It could also foster the implementation of non-lethal management measures (e.g. related to damage mitigation) and the
modification of the classification of risk assessments and recommended actions in management plans when the individual in
question is a long-distance disperser. Given the importance of long-distance dispersal for the functional connectivity of large
carnivore populations in fragmented landscapes, such dynamic conservation strategies are definitively worthy to start to be
considered (Reynolds et al., 2017). Vagrants and long-distance dispersers may also represent the forerunners of climate
adaptation (Davis and Watson, 2018). Conservation managers and policymakers should reconsider how these animals are
viewed and managed, and how they could be explicitly considered in the law.

Conserving animal movement as a process is a big challenge, particularly of wide-ranging species in fragmented land-
scapes. There are several steps to be taken in this direction concerning large carnivores: (1) gaining and sharing knowledge on
why, when and how they move, particularly on long-distance dispersal events; (2) improving international cooperation (e.g.
establishing periodical meetings of expert teams for large regions or populations); and using long-distance dispersal events
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as a unique opportunity for strengthening transboundary collaboration and raising public awareness of large carnivore
conservation; (3) elimination of barriers (e.g. border fences); and mitigation of their effects (e.g. road wildlife passages); (4)
proper habitat management, mostly through careful planning of urban development, also in areas where the species do not
permanently occur but can act as connectivity corridors; (5) efficient management of damages during dispersal events and
special treatment of long-distance dispersers in management plans; and (6) recognize the high importance of long-distance
dispersers and vagrants and consider them asmobile conservation targets, both explicitly in the law and practically in theway
they are perceived and managed.
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